Abstract-A growing research in biomimetic legged robot design challenges today's theory path planning and motion control. For many reasons a biomimetic robot requires a heading sensor onboard for better path following and steering. We propose a use of a digital compass as low-cost sensor. However, cheap versions of that sensor are extremely sensitive to inclination that occurs due to locomotion, resulting in incorrect measurements. This paper presents a modeling procedure of a digital compass performance with respect to altered roll and pitch angles. With information from an additional accelerometer as tilt sensor that reads roll and pitch angles of the robot, the model improves the compass readings making it insensitive to altered tilt. The fusion of the modeling and a compass-accelerometer setup is experimentally verified.
I. INTRODUCTION
ALKING and running are very appealing skills in robotics if robots need to be used in unstructured environment with many obstacles and uneven terrain. Legs, unlike wheels, enable more than just taking the robot to the target or over the obstacles. With legs the robot can run, crawl under the obstacle, climb over it, jump, or swim. It is estimated that many of the robots in future service applications will have legs. A promising research area in robotics, called biomimetics, uses clues from biology in designing robot legs, arms and bodies. It was particularly successful in design of legs and shaping locomotion patterns that provide stable stance and robust stride. Examples of successful design are Rhex [1] , Whegs [7] , and Sprawl [2] , [3] .
Our previous research on Sprawl type robots showed that body pitch angle is the key parameter to control locomotion velocity in straight runs. Our modeling procedure [5] , that augmented robot design, gives a general framework for many other path planning issues. Finally, it helped discovering that the particular robot was capable of running at a speed of six body lengths per second! These results encouraged us to get the most of the technology by making efficient models of locomotion on curved paths, too. However, after extensive experimentation on the grid of body pitch and roll angles, we were convinced that the robot has no practical means of efficient control over the curved path by using the body orientation as the only locomotion parameter [5] , [6] . In this paper, we propose and verify basic technology of steering the robot over the curved paths while maintaining desired velocity. We augmented our modeling procedure [5] and exploit and verify an onboard heading sensor. Bearing in mind that our design goal was to make the robot as cheap as possible, we used inexpensive off-theshelf digital compass with all necessary signal conditioning and processing onboard. After initial experiments we discovered that such a compass, although very suitable for azimuth measurements, is very sensitive to the tilt. This paper describes model that corrects a compass read out, using only the tilt data from the MEMS accelerometer.
The paper is organized as follows. Section II discusses the biomimetic hexapod robot that will use digital compass as heading sensor. The controller and all other sensors are also discussed in this Section. In the Section III we propose the tool to make efficient parametric model of the digital compass. Experimental procedure, with method and compiled data, is given in the Section IV.
II. BIOMIMETIC ROBOT DESIGN ISSUES

A. Description of Sprawlette Robot
Each Sprawlette robot, Fig. 1 , is a small, air-powered hexapod, using tripod bouncing gait as a walking pattern. Its major innovation in design is legs, each with one interchangeable flexure acting like passive knee. The body was made of Urethane, embodying wiring, connectors, and small DC motors. The DC motors (Cirrus CS-21BB) are geared to the lower parts of the legs. Total mass of the robot was 0.4 kg and the length was 0.153 m. Each leg consists of three mayor parts: (i) interchangeable flexure, connecting upper, swinging, part to the lower part of the leg tethered to the body, (ii) piston, (Festo EG-4-20-PK-2) producing 2 cm full stroke in about 35 ms, and (iii) 3-way solenoid valves, (Humphrey H010E1), pressurizing the pistons to 450 kPa. Flexures and pistons produce a force-moment couple, transiently transmitted to the body, thus producing gait.
Robot controller mainboard, Bubash, is custom designed. It consists of three major parts: power supply, two microcontrollers, and power drivers. The digital part of Bubash control board was developed on two Internet-enabled microcontrollers using NodEm ® Yipee Inc. technology [9] . They are particularly useful in experimentation as they can be easily connected to the LAN, enabling data acquisition and commanding from a remote location. One microcont-W roller is dedicated to robot control, commanding orientation of the legs, fireing air valves thus producing tripod gait. The other is responsible for reading all sensors on the robot. In the current application, it is used to read tilt information from MEMS accelerometers, as well as compass readings. 
B. Sensors for Path Control
We are concerned with two main path control problems. The first problem is the control of the motion velocity during straight path runs, while second problem deals with executing curvilinear paths. In order to achieve any kind of control, information about controlled variable is essential, hence sensors are the first necessary tools.
Regarding motion velocity, we aim at maintaining constant velocity during the straight path runs, regardless to possible disturbances, such as ground slope, changes of the mass of the robot, etc. Starting from Raibert's bouncing monopod findings two and a half decades ago [10] , the first suggestion was to use stride period and duty factor as two control parameters to maintain locomotion velocity at varied slope. It is proposed that the optimal locomotion takes part if all three legs of a tripod hit ground simultaneously at the time the robot is at peak of its ballistic trajectory. The solution of accurate straight runs using body pitch angle can be found in our previous paper [5] . To support body pitch angle control for accurate runs, we used MEMS accelerometers ADXL202 (Analog Devices), smart sensor capable of producing digital outputs measuring acceleration along two perpendicular axes. Its measuring range is ±2G, and also includes measuring of the static, gravitational, acceleration. In this particular application we used it in static mode, as a tilt sensor. Custom designed PCBs with soldered ADXL202 can be seen attached to the robot, Fig. 1 . Two perpendicular accelerometers at Sprawlette's body measure both pitch and roll angles of the body.
Path control problem in legged robots is more complicated than in the wheeled robot because bouncing of the robot body during a stride makes sensor reading very noisy. The choice of the path control sensors falls among odometric and external. The odometric sensors require exact geometry of the robot and environment (slope, roughness, softness, etc.). While the robot's geometry is well-known, the geometry and dynamics of the interaction is usually unknown making odometry in legged robots very unreliable.
Much more reliable is the application of external sensors that exploit natural or artificial information: magnetic field of the Earth, or information from the satellites for global positioning (GPS), radio information from the beacons, etc. One of frequently used external sensors in locomotion robotics is gyroscope, especially in bipeds, helping to achieve dynamic and static stability of locomotion. The main problem with gyroscope is the price. As the cost was one of the most important constraints, we decided not to use gyro sensor but instead magnetic field sensor, a digital compass. We used Devantech CMPS01 Magnetic Compass Module, a popular low-cost digital compass. A common solution for digital compass is based on two orthogonal sensors of magnetic field, Fig. 2 . The two sensors define the working plane that ideally should be horizontal. The magnetic field of the Earth is considered to be homogeneous in micro-areas covered by the digital compass circuitry Embedded microcontroller reads the sensors and compute the azimuth angle, the clockwise angle from the magnetic north of the Earth. Implemented protocols for inter-chip communication, the I 2 C (Inter IC Connection Protocol) and the PWM output, enable easy connection of the compass device to robot control system. The resolution of the compass is 0.1°, while absolute accuracy is within the range of 3-4° after calibration. Although absolute accuracy is not very promising, the high precision enables sensing of relative, local deviation from desired path. However, during the measurement, compass sensor requires working plane to be horizontal. If the working plane is tilted, measured value is changed as a function of the tilt of the work plane. This behavior is caused by change in magnetic flux value that penetrates trough sensors.
There are two problems associated with digital compass as heading sensor. First, the body orientation alters either during locomotion or while standing at uneven terrain, producing the pitch and roll of the compass making its readout unreliable. Second, there is embedded singularity near the direction of the Earth's North Pole, where readings can rapidly change between low values (around 0°) and high values (around 359°). This singularity problem can be solved by a clever control algorithm that would transform readings in such a way that large angles are converted as negative ones. We will not discuss this problem in the paper.
The first problem, however, requires more attention, and we present a possible solution to it as a central part of our paper. An obvious solution of keeping compass strictly horizontal by means of gyro-stabilized platform is not acceptable for both the high cost and mechanical difficulties. Therefore, we need to find a way to correct the inaccurate compass readings due to tilted working plane. First, we will constrain azimuth measurement to the static cases only, i.e. when robot is not moving. Then, we will use sensors for measuring robot's body tilt along two axes, i.e. roll and the pitch angle, and make advantage of this knowledge. If we have sufficient information on robot geometry and we measure the roll and pitch angles by the tilt sensor, we could apply inverse kinematics model to re-orient the robot's body so that it becomes horizontal, regardless the ground slope. However, such an approach is cumbersome, particularly in the case of hexapod with flexible legs, like Sprawllette is. Instead, we will design a model to correct sensor reading with integrated accelerometer data to get readouts of the tilted compass corrected. Assuming the compass information reliable, we can then control the robot's path at the stop off by correcting its heading. However, we will assume that path planning and control algorithms are already available and we will further focus on the modeling of the nonlinear characteristics of the digital compass.
III. TILT MODELING OF A DIGITAL COMPASS
Having in mind that we need inexpensive solutions in order to satisfy cost constraint, the controller does not have too much of the processing power. As a consequence, we do not have numeric capabilities to handle real-time complex computations of the robot kinematics model that would take into account all the effects up to the flexures in legs. Instead, we will try to build a comprehensive, computationally efficient, parametric model of compass behavior. A natural choice of the parameters is focused to the roll and the pitch angles, and to the azimuth, i.e. the yaw angle of the body. In the next subsections we will describe the experimental setup and the modeling procedure, as well as the experimental data and the output of the model.
A. Experimental setup
For the experimental purposes, we developed a simple test bed to get the model without having to solve cumbersome kinematics of hexapod robot that will pitch or roll the compass on the top of the robot. The experimental setup is made of a rotational platform with protractors to set up compass working plane orientation manually, NodEm ® cricket to read from digital compass and software on the microcontroller and on the PC site with user interface to automate experimentation, shown in Fig. 3 . The platform has two degrees of freedom and ensures steady state at desired tilt due to sufficient friction at axes. The platform tilt is visually readable in the range of ±20° on both axes. The platform was made of non-ferromagnetic materials to prevent parasite magnetic field to which the compass is sensitive. An Internet-enabled microcontroller based on NodEm ® technology [9] is used for compass reading. The communication of the microcontroller and the PC was organized remotely over LAN, using custom developed communication protocol, and TCP as transport layer.
Compass PWM output is used for azimuth readings. The width of the signal presented at PWM output is proportional to the azimuth. The angles of 0° to 360° are represented by pulse with of 1 to 37 ms, in 100µs increments, yielding 0.1° resolution. Programmable Counter Array (PCA) module was used for measuring the pulse width. The PCA module can be programmed to register the rising and/or falling edges of the pulses, to count events or generate precision timings, and to generate interrupts at various events. To measure the azimuth, PCA module triggers the interrupt at both the rising and the falling edge of the pulse signal. During the interrupt, state of internal precise timer-counter is saved. The difference of the two states of the counter represents the pulse width of the compass circuitry, hence azimuth. Four measurement values are averaged for easier processing.
Finally, the readings are sent to PC host by TCP/IP protocol embedded in the firmware of the microcontroller. Such a communication facilitates experimentation and outdoor application in the future. PC stores data in the MATLAB format for later data processing, Fig. 4 .
The experimental procedure is straightforward. We run a factorial experiment with varying tilt axes (roll and pitch angles) of the compass at the setup, while the third angle, azimuth, corresponding to yaw angle, is varied by rotating the whole setup relative to the North. At each tilt axis we vary the following angles: −12°, −9°, −6°, −3°, 0°, 3°, 6°, 9°, 12°. The azimuth was varied between 20° and 340° in 20° steps. The data is stored in the 9×9×17 matrix. In total we had 5508 measurements, each and all of them stored at the grid of the 17 planes shown in Fig. 5 , one per azimuth angle. Obviously, there are no discontinuities. What seems to be the problem was that the planes, as we tilt the compass, are neither perfectly planar nor strictly horizontal. Our model needs to correct that reading. 
B. On the Modeling Procedure
The modeling procedure is based on Successive Approximations [4] , a parametric modeling tool used extensively in many applications where robot task could have been parameterized. It was even applied in modeling of lumped impedance of the human arm interacting with simple planar manipulandum [8] . As many of the problems discussed in the previous research, we can recognize appropriate control parameters in the case of compass tilt modeling. The two angles, pitch and roll, are taken as control parameters. Third control parameter is real azimuth angle, while the output parameter, according to which we organize experimentation procedure, is measured azimuth.
Let us denote pitch angle as α , roll angle as β , real azimuth angle as γ , and measured azimuth angle as δ . We can think of the relationship between output parameter and control parameters as unknown continuous multivariable function:
(1) The goal is to obtain a three-dimensional model of experimental data that resembles unknown function (1) in form of multidimensional matrix of coefficients: As we can see, the maximum relative error is lower than 6%, but most of the time it is far below 1%. Two useful properties of the modeling procedure are: random addressing and inverse addressing. Inverse addressing is the property that enables accurate azimuth measurement, i.e. compensation of the roll and tilt angles. To handle that situation we need to solve, in this particular case, only tabulation of the two-degree polynomials, and finding the roots of a threedegree polynomial. Both operations are computationally inexpensive and can be handled by the 8-bit microcontroller.
IV. EXPERIMENTAL VERIFICATION
The model from the Section 3 was tested using few experiments with randomly chosen azimuth angles and pitch and roll angles. A set of 27 measurements is used for cross validation of the model. On the nine arbitrary chosen azimuth angles {30, 50, 80, …, 300}°, we took three measurements with randomly chosen pitch and roll angles. The data grid used in this experiment is given in Table 1 . 
The error across the three measurements was averaged. This averaged error as a function of the azimuth is given in the Fig. 8 . Obviously, the error falls between −5° and +3°. This error is severe comparing to the values we've got when cross validating the model, Fig. 8 . This happens due to interfering manipulation on the sensor while taking measurements. However, if we are using this information to reorient the robot at the stop off, it could be sufficient. In fact, one of other tests, Fig. 11 , shows the applicability of such a sensor. The polynomial that corrects compass reading for one specific azimuth angle can be readily calculated. Let us assume that the pitch angle is 5.3° and the roll angle is 0.2°. Using the model coefficients (2) and value of we can compute values of fitting polynomials (5) , and obtain coefficients of previous approximation. Now, we can calculate fitting polynomials Eq. (4) Although evaluation of the model, Fig. 7 , confirms that we have reliable model to correct readings of tilted digital compass, it is necessary to set up an operational procedure of using the compass in Sprawlitta's short runs. To that end, we use Optotrak system to read robot position and body tilt during the run. The Optotrak system uses versatile camerabased monitoring of small marker attached to moving body. In this particular case, we needed a simple wire frame to mount three sensor markers, Fig. 10 . These markers enable reconstruction of the robot's locomotion very precise, up to 0.1 mm RMS error, at 100 Hz sampling. Once we command running, the Optotrak system starts recording. Compass measurements are taken after robot stops off. The first readout is with the robot tilt as it is at the moment. Due to the tilt, such azimuth reading is incorrect. The second readout happens when robot bends its legs in order to get robot lying parallel to the ground. The latter readings are correct ones as no tilt was made. After taking leg orientation as it was before lying down, we lift the robot ensuring the same azimuth angle. The robot is commanded to run again, till the next stop off when we repeat the same procedure. A typical run is shown in Fig.  11 . Measurements taken during that experiment, as well as corrected readings are given in the Table 2 . We can observe that there is consistency in correction of azimuth reading. Tilted compass showed almost 5° errors while the corrected reading was also consistent with reading when the robot was laying on the ground, i.e. the compass was not tilted. That concludes our discussion on possible application of compass as digital heading sensor. As we stated before, this solution is cost effective. With added MEMS accelerometer as a tilt sensor, the heading system we propose is reliable setup to keep the robot running towards the desired target. Table 2 . Three readings of azimuth angle, at the beginning, in the middle and at the end of sprint. Reading case A stands for readings when the robot takes sprawled pose. Case B stands for reading when the robot is laying on the ground. Case C stands for corrected reading of the case A. There is, however, an issue of compass sensitivity nearby ferromagnetic materials we did not discuss in the paper. In this robot, the pistons and valves, swinging on the top of the legs, were source of noise that could not be corrected by software. Instead, we needed to relocate compass away from metal parts, say 5 cm in front of its front side. Although good enough for experimentation, this solution is not practical. Therefore, we need to use custom designed magnetic flux concentrators or to use different type of digital compass. Either way, we estimate that application of the digital compass as heading sensor is a very good solution for low-cost hexapod locomotion robot.
Reading
V. CONCLUSION
In this paper we evaluated a low-cost digital compass as heading sensor for hexapod biomimetic robot. Nevertheless, as digital compass measures horizontal component of Earth's magnetic field, its readouts are highly sensitive to inclination. The tilting in legged robots happens due to both uneven or sloped terrain, and due to bouncing of the robot during alternating tripod gait which is a walking pattern of the robot we designed. Therefore, the compass is potentially unreliable sensor for path control purposes.
We have established and verified the procedure for experimental modeling of digital compass with the inclination around two axes, the lateral and the sagital, as parameters. Such model is then used to correct the compass readouts. Modeling procedure is based on Successive Approximations, a multidimensional, parametric modeling tool. Control parameters that are involved in modeling are the roll and the pitch angles, measured by onboard accelerometer. Obtained model is small in size, only 36 coefficients, and computationally simple, due to polynomials used as basis functions for modeling. Being so, it can be readily implemented, even on the modest control hardware, such as lowcost 8-bit microcontrollers we had on Bubash mainboard during experimentation. Experiments confirmed that readouts of a tilted compass is corrected using an additional tilt sensor and a model we developed. Such a setup can be used to steer the robot along curved paths too, regardless his tendency to deviate from curved path we commanded. In our future work, we will try to design and implement a steering controller for curved path control of such a robot, based on heading information obtained by digital compass and accelerometer as tilt sensor. It may be a valuable tool when a human operator needs to steer nearby robot without visual contact with it.
